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ABSTRACT 
We derive the closed form expression for the bit error probability of dense WDM 
systems employing an external OaK modulator Our model is based upon a close 
approximation of the optical Fabry-Perol filter in the receiver as a single-pole RC filter for 
signals that are bandlimited to a frequency band approximately equal 10 one sixtieth oflhe 
Fabry-Perot filter's free spectral range Our model can handle bit rates up to 2 5 Gb/s for 
a free spectral range of 3800 GHz and up to 5 Gb/s when the power penalty is 1 dB or 
less 
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I. INTRODUCTIO:\ 
Wavelength division multiplexing (WDM) systems have been increasingly proposed 
as an attractive alternative to coherent optical frequency division multiplexing (FOM) 
systems [Ref 1-5] . Although WOM systems with direct detection do nO! have the 
channel capacity of coherent optical FDM systems, they are much Ie,s costly to 
implement Furthermore, present filter technology enables the designers to tight ly pack 
the channel, resulting in dense WOM systems that can provide aggregate bi t rates of many 
terabits per second (I Tbis = 10 '; bls) Dense WDM systems are particularly attractive in 
the area of undersea surveillance where hundreds of sensors and data collection siles are 
envisioned bemg merged onto single-fibcr supcrhighways through massive data fusion 
Other applications call for relatively low-bandwidth data collection over many months to 
be dumped qUIckly to a remote recording site in a matter of minutes This 
"collection-and-dumped" compression can demand total data rates on the order of 
hundrcds of Gbis Long distance hetween data collection sites and a remOte recording site 
requires the use of optical amplifiers rherefon:, it is necessary to pack all channels within 
the optical amplifier bandwidth 
A dense WD"f receivcr with on-oA::keying (OaK) modulation can be modeled as 
shown in Fig 1 Conceptually. the analysis involves two main operations 1) a 
convolution operation to evaluate the signal at the output of the optical filter, a 
Fabry-Perot (FP) filter in our investigation, and 2) the integration of the output of the 
photodetector Evaluation of bit error probability by the numerical analysis of these two 
operations has been cani~d out in [Ref 6], with a number of approximations made to 
reduce the computational complexity In this inv~stigation the FP filter is shown to be 
well approximated by an RC filter within the fr~quency rang~ /-/0 < FSR / 20n, where 
FSR is the free spectral rang~ of the FP filter [Ref 71 andfo is th~ FP filt er center 
fr~qu~ncy For example, given FSR = 3800 GHz, the approximation works very well for 
I f -10 I < 60 5 GHz: that is, the effects of adjac~nt channels within a 121 GHz bandwidth 
center~d at 10 must be included, while all others can be neglected. This simple model 
agr~es well with [R~f 6] as demonstrated in Section III Funhermor~, this model enables 
us 10 obtain a closed form anal}1ical ~xpression for th~ bit ~rror probability for which 
numerical results can be obtained with little effort Our investigation shows that this 
simple model provid~s accurate results as compar~d to those in [Ref 6J for bit rates up 10 
2.5 Gb/s when the effects of four adjacent channels are included with FSR = 3800 GHz 
Actually. when the power penalty relative 10 single channel operation is I dB or less, thert~ 
is virtually no difference in the effect of four or two adjacent channel s Thus, for this 
power penalty criterion, this simpl~ model can handle bit rates up 10 5 Gbis for a FP filter's 
FSR = 3800 GHz 
In Section II the closed form expression for the decision variable, and consequently, 
the bit error probability assuming all channels are bit synchronous as in [Ref 6J is derived 
Section III presents the numerical results which include the bit error probability versus the 
signal-to-noise ratio as function of the FP filter bandwidth and channel spacing, and the 
power penalty (relative to single channel operat ion without filtering or with filtering but no 
intersymbol interference) versus the channel spa!:ing as a functi on of the bandwidth 
Finally, a summalY of'results appears in Section IV 
n. ANALYSIS 
The receiver model for the dense WDM system is shown in Fig I. The desired 
signal is filtered by a Fabry-Perot (FP) fi lter that rejects adja~ent channels The 
photodetector is assumed to have a responsivity tf (/VW). The detected current is 
amplified by a low noise amplifier that contributes a postdetection thermal noise 1/(/) with 
spectral density No (A'IHz) The decision variable at the output of the integration is 
compared 10 a threshold a to determine whether a bit zero o r bit one was present 
A. ll'I'PUT SIG~AL 
For convenience. we designate channel D as the desired channel, and channel k as 
an adjacent channel where k = -M!2, -I. I. /v12 with M an even integer We 




bo(t) ~ L bO,iPr(t-l7) 
I=-Lo 
o 
b,(t) ~ ;!-L b',le}"" Pr(t -17) 
T: bit duration 
h" , {D, I } bit inch anne lOin the time interval (iT,(i+l)7) 
h", =lO.e '·'}is the r bit in channel k in the time interval (IT,(I+ 1)7) 
(I) 
(2) 
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Figure l OOK receiver slluctu re 
4>, a phase offset between channel k and channel 0 and is assumed to be uniformly 
distributed in (0, 2n:) radians 
radian frequency spacing between channel k and channel ° with (:), = -()). 
The functionPrC1- il) is defined as 
IT<I«l+ l )T 
otherwise (3) 
In both (I) and (2), the non-negative integers Lo and L represent the number of bits in 
channel 0 and k, respect ively, that proceed the detected bits boo- The received dense 
WDM equivalent lowpass signal at the input of the FP filter is given by 
r(l) ~ JP bO(I)+ 'f2 !Pb,(t) 
k==-MI2 
/no" 
where I-' is the received optical power 
B, FABRY-PEROT FILTERED OIJTPUT SIG~AL 
(4) 
fhe FP filter can be characterized by the following equivalent lowpass transfer 
function (Ref 1,7] 
H(f):::: J _pe~~Ln.R • l~~~P 
H(f) J-p • l-A-p l -PC()5(~)+JPslll(~) l - p ( 5) 
where p is the power reflectivity, A is the power absorption loss (zero for an ideal FP 
filter) and FSR i~ the free spectral range For If < FSR/20rr. and assuming A = 0, we can 
approximate H (f) as follow 
where 
H(f)~~=~ 
(i - P)->-lFSR I +J ( J""1')FSR 





The free spectral range FSR can be related to the full width at half maximum (FWHM) 
bandwidth B and the finess F of the FP filter as 
FSR ~ ,!pH ~ BF 
I - p (7) 
Thus if the signal is bandlimited to II I < FSRl20n, we can truly approximate (5) with a 




h(l) = ce-e, • I> 0 (9) 
Fib'llreS 2a-b show the magnitude and phase (radians) of H( f) of the FP tilter in (5) and 
its single-pole RC filter approximation given in (8) for p "'" 0.99, F = 312 6, B = 12 1 GHz 
and FSR = 3800 GHz. Note that as the frequency increases, the phases of the FP filter 
and the RC filter differ markedly, but the magnitudes of their transfer functions remain 
identical and attenuate rapidly When I f I > FSR/20rr., the magnitude of H( f) is very 
~mall, and therefore, the effect of adjacent channel interference beyond this freq uency 
range is negligible Figure 3 shows the nonnalizcd impulse response of both FP and 
single-pole RC filters In summary, the above approximation is valid for dense WDM 
analysis when the filter finess F is large or equivalently the FWHM bandwidth B is small 
since the equivalent lowpass signal must be bandlimited to about I f I < FSRI20rr 
This approximation has been used in [Ref 5] to study spectral efficiency of optical 
fD\-1JASK systems, which involves the evaluation of the decision variable for worst-case 
analysis using the eye diagram technique. Since we are interested in the detected bit h 00 
In the time interval ( O,T), we consider the output filtered signal s( t), 0 , I r given by 
s(l) = SB(t) +SISI(I) + SACI(I), 0 < I < T (10) 
where 
S/I (I) desired signal 
SfSI (I ) intersymbol interference signal 
10' 
FPfilter 
UUU. approximate RC filter 
A=O (ideal) 
FSR=3800 GHz 
B (bandwidth of FP) : 12.16 GHz 
10' 




Frequency in GHz 
Ib) 
Figurc 2 Spectral characteristics of the Fabry-Perot filter and the approximated 
single-pole RC lowpass fIlte-r 
FP filter 




Figure 3 Normalized impulse response of the Fabry.Perot filter and the approximated 
single. pole RC lowpass filter 
10 
0.25 
S8(1) = JP bo,o f h(l - t)dt 
° 
:::; JP e -CI ~ b oAe(i+ l)cT - e 1cT) , 0 < t < T 
/:-Lo 




The FP filtered output s(l) is detected by the photodetector which produces a 
current of tI' 1 s(f) I' Amps This current plus additive white postdetection thermal noise 
current from the amplifier is integrated by the integrator to obtain a decision variable for 
the threshold detector 
Ii 
C. DECISION VARIABLES 
The decision variable Y appearing at the integrator output consists of the signal 
component X and noise component ,V 
where 
Y :o X+N 








\Ve note that N is a zero mean Gaussian random variable with variance NJ Substituting 
(10)-(13) into (15) we obtain the signal component X as a function of the two parameters 
c T and w~ F, which represent the effect of intersymbol interference and adjacent channel 
interference, respectively 
12 





_e((T-l'JJ~,T)! ) + 2 "f2 ~(ei".T_J +e-cT 
k=-MI2 I+JwtTlcT Jw,TlcT 
,",0 
13 
_!_!e-lcT +,.-<cT-"",1)_!)}+~ ! b(e(i+!)cT 
1 1 l - Jw "TleT eT I=-Lo 0, 1 
-e'CT)Re {~l ! ,bu I -leT 
k=- MI2 1 __ / !+jw,TlcT ( - e ) 
'"0 
( 17) 
D. BIT ERROR PROBABILITY 
For a detection threshold a and an lSI! ACI bit pattern b == {b l , ' b l. }, I "" -L.., - !, 
I =-L , ,0: k= -Mil, M i l, be 0: the conditional bit error probabili ty of the OOK 
signal represented by the Gaussian random variable Yin ( 14)-( 16) is given by [Ref 8] 
?,.(b) = ~Q(X~(I)+ tQe;;;») ( 18) 
where Q (X) is defined as 
(19) 
and Xc and X, are the values of X in (17) for bO!J - 0 and boa = I, respect ively The 
average bit error probability P, is obtained by taking the expected value of P, (b) in (18) 
14 
over all bit patterns h. The minimum bit error probabil ity is obtained hy optimiling over 
the threshold Q. In summary, given fl, we calculate the following expectations 
p, ~E {P,(b)) (20) , 
where 
(b) ~ 1(-L)M{2j" . ..'j' Q(u-X,(<l> _" , .. <l>M' »)d<1> _ , d<1> p 2 2 11 0 M 0 JNoT MI_·· Mn 
2j' .. 2j" O(, (<l>-w,.<l>."l-u)d<1> d<1>. ) + 0 Ai 0 - fii;:i -;'v112 · · · ;',,/,2 
(21) 
I.' 
m. NUMERICAL RESULTS 
In this st:ction wt: present the numerical results for a) bit error probabil ity versus 
signal-to-noise ratio Z ; II' r ~ as a function of the nonnahzed channel spacing 
(normalized to the bit rate) 
J = 'f!, = (/'>.f) T (22) 
where 11/ ; w,/2rr.k is the equal channel spacing in GHz. and b) powcr penalty versus 
normalized channel spacing I as a func tion of the FP filter paramt:ter ct =: (rr.i ,fp)B7 
where B is the filter full width at half maximum bandwidth(FWmn 
Figures 4-5 show the minimum bit error probability versus signal- to-noise ratio 
(Z) for cT; 5 and 10, respectively. and that ofa single channel (SC) operation without 
filtering or with fil tering but without 151 In Fig 4 we observe that a large degradation 
occurs due 10 lSI for ct "" 5 which represents a narrowband filter As the FP filter 
bandwidth is made larger as in Fig 5 with cT ; 10, the lSI is reduced but the ACI 
In our model, we are constrained to M ; 4 for the case under consideration We set 
a FP filter with free spectral range. FWHM B=121 6 GHL, FSR - 3800 GHz, finess F; 











10 11 16 17 18 19 
Figule 4 Probahi lity of bit error versus ~i gnal-lO-noise ratio as a fun!.:tion of normalized 




Figure 5 Probability of bit error versus signal-to-noise ratio as a function ofnonnalized 
channel spacing for cT== IO 
18 
(i e channel spacing is 12 times the bit ratc or 30.4 GHz) In this mode! the farthest 
adajccnt channel for M = 4 is twice the channel spacing which is 60.8 GHz This verifies 
the assumption I i -fo I < FSRf20rr. = 60 5 GH,l, where i n is the FP filter centcr frequency 
Thi s result agrees well with that in [Ref 6, Figs 6,9, MIF = 0 4, a = 0 2]. Thus we 
incorporate the degradation caused by the four nearest adjacent channels We observe 
that lor bit rales of I Gb/s or less, our model is valid up 10 M = 10, and very little 
difference is observed between M = 4 and M = 10 Also. we observe that there is litt le 
difference betwt:en M = 2 and M = 4 when I > = 1 0 for bit rates up to 3 Gb/s In all results 
we set I. , = 2 andL = 0 
Figure 6 also shows the power penalty for a dense WDM system relative to a single 
channel operation at the minimum bit error probability of 10-' < This is the required 
additional signal power (dBW) for the dense \VDM ~ystem to be able to operate at the 
10-" bit error probabili ty achieved in the single channel system with a SNR= 12dB The 
dense WD~I system is lSI-limited at 2.2 dB, I dB, 0.5 dB, and 0 4 dB in power penalty 
for cT = 5, 10, 15 , and 20, respectively. It is seen that for a 2 3 dB power penalty, the 
normalized channel spacing can be as close as I = 6 (i e. , a channel spacing of six times the 
bit rate) for cT= 5 If the power penalty criterion is 1 dB, the normalized channel spacing 
is 1=12 for cT = 10, 1'5,20 We remark that although the exact transfer functions of the 
FP filter is used in [Ref 6J, a number of approximation have been made to obtain 
numerical resu lts. The approximations are 1) the lSI is obtained by modeling FP filter as 
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Figure 6 . Power penalty versus normalized channel spacing as a function of Fabry·Perot 





with an infinite integration in the calculation of ACI [Ref 6, Eq . ( [ 5)], and 3) the beat 
interference is ignored. On the other hand, the lSI and ACf in OUf investigation are 
obtained by modeling the FP filter as a single-pole RC filter, using finite integration and 
including the beat interference Since the results in our investigation and in [Ref 6] agree 
well, we conclude that approximations are quite valid. We also note that our results also 
agree well with the simulation carried QUi in [Ref I, Fig. J7l 
The above numerical results shown in Figs 4-6 are obtained with an optimized 
threshold setting Figure 7 shows the power penalty for fixed threshold a = R Pfl2 which 
is the same optimum threshold for single channel operation (midpoint between the 
received power for bit zero and bit one) It is seen that the performance of a dense \\1)1\1 
~y stem is quite sensitive 10 a for a narrow hand filter. An additional 1 8 dB is observed 
for cT 00- 5 for J > 8, and 0 5 dB for cT = 10 for I > 12 Negligible degradation is observed 
for cT = J5, 20 for! > 16 
Figures 8-9 show the power penalty versus normalized channel spacing as a nmction 
of FP filter parameter c T for the worst-case analysis with optimal threshold and fixed 
threshold, respectively The worst-case bit pattern is fixed to produce the minimum X , 
and maximum Xo where X, and X, are the values 10 X in Appendix-A equation (9) v.'ith 
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Figure 7: Power penalty versus normalized channel spacing as a function of Fabry-Perot 









Figure 8 Wont-case power penalty versus nonnalized channel spacing as a function of 
Fabry-Perot filter parameter c T with optimal threshold rt"' (Xo+X)12 
21 
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Figure 9 Worst-case power penalty versus normalized channel spacing as a function of 





We observe that the power penalty for the worst-case analysis is only slightly larger 
than that of the exact analysis for / > 10 shown in Fig 6 Similarly the power penalty for 
the worst-case analysis with fixed threshold is only slightly larger than that of the exact 
analysis with fixed threshold for / > 10 shown is Fig 7. The reason for this is that for 
large channel spacing (I > 10), the ACi effect is small, so the ACI bit pattern has a small 
ill1luenceon the power penalty 
Figure 10 shows the normalized optimal threshold for the exact analysis shown in 
Fig 6 It is observed that a ",0 4 for I > 10 Note that the normalized optimal threshold 
















o 0 o 0 
.. . . . 
~~--~--~--~--~--~'0~--'~2--~'4--~'6----'~8---2-0~ 
I 
figure J 0 The normalized optima! threshold versus normalized channel spacing as a 
function of Fabry-Perot filter parameter c T 
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IV. CONCLUSIONS 
We have prc!>entcd a simple model for the analysis of dense WDM systems 
employing an external OOK modulator The only approximation that we use involves the 
modeling of the Fabry-Perol filter by a single-pole RC filter assuming the equivalent 
lowpass signal is bandlimited to the frequency range II I < FSR I 201t This model 
enables us to obtain a closed form expression for the bit error probability which previously 
can only be obtained via numerical analysis [Ref 6] For FP filter with an FSR around 
3800 GHz, our model can include the ACI effects of four adjacent channels for bit rates 




DERIVATIO:S OF FORMULA FOR DECISION VARIABLES 
DESIRED CHANNEL CHAl'mEL ° 
ADJACE NT CHANNEL k, k ~ -MI2, ... , - 1, 1, .. . ,MI2; M : even 
BIT IN CHANNEL ° IN IIh TIME fNTERVAL (i1: (i + 1)7) 
bo., E {O, I}, bo.o DETECTED BIT IN (0, 7) 
BIT fN CHA'\'"\i'EL k IN IIh TIME INTERVAL (IT, (I + I) 7) 
bu E {O,eJ¢k} WHERE) = R IMAGINARYNUMBLER 
W, FREQUENCY SPACfNG BETWEE N CHAt'\'N EL k AND CHANNEL 0, 
¢. PHASE OFFSET BETWEEN CHANNELS k AND CHANNEL 0, 
UNIFOR.,\1L Y DISTRIBUTED BETWEE).I" (0, 21tJ 
DATA SIGNAL IN CHANNEL 0 
boer) ~ ~ bO.,PT(r - /7) 
I--Lo 
28 
DATA SIGNAL IN CHANNEL k 
o 
b,(I) = L b',1eIW"P T(I - /7) 
I=-L 
Lo ,L INTEGERS 
p r(t) = {~ : ~I~e<:wse 
pr(l - i7)= { ~: ~~:;~:;~)r 
THE RECEIVED SIGNAL AT THE INPUT OF THE FP Fli. TER OF 
CHAI\'!\'ELO IS 
r(l) = % bO(I)+ '£' % b, (I) 
/(", - ,.1/2 
;.0 
P RECEIVED OPTICAL POWER 
THE OUTPUT OF THE FP Fn~TER IS 
ro(l) =1 h(l- t)r(t)dt 
WHERE h(t) IS TIrE EQIJIV ALENT LOWPASS IMPULSE RESPONSE OF 
THE FP FILTER OF CHANNEL 0 
ro(l) = % 7 h(l - t)bo(t)dt + % '£' J h(l - t)b,(t)dt 
-oc 1c",-MI2-oo 
;'0 
= % bo.o I h(l- t )PT(t)dt 
+% I bo, J h(l - t)pr(t - i7)dt 
,,,,-Lo -oc 
'9 
+JP ,J:12 JL bu 1 h(t - tjd""PT(t -Il)dt 
'"'0 
SINCE THE DETECTION INTER VAL IS 0 < I < J, WE Oi\LY NEED TO 
EVALUATE J(I) = ro(t ). 0 < I < T 
set) = JP bo,o f h(! - t)dr + JP ~ bo.i (I'TT h(t - t)dr 
o ,,,,-Lo IT 
+bto i h(t - t)ei""dt) 
o 
SH(t) DESIRED SIGNAL 
O<t< T 
Slsit) fNTERSYMBOL INTERFERENCE 
s~(it) ADJACENT CHA.."'l"NEL INTERFERENCE 
LOWPASS EQUIVALENT TRANSFER FL~CTIO:\' 
JO 
(I) 
H(/) ::: l _pel; ><JifSR _ 1 ~~~P l - p l - A- p l-pCO!l(~)~JPsm(~) - I:;-
p POWER REFLECTIVITY 
A POWER ABSORPTION LOSS (A '" 0 FOR IDEAL HL TER) 
FSR FREE SPECTRAL RANGE 
SIf\CE f « FSR (FOR OPERATING FREQUENCY RANGE) 
WE CAN APPROXIMATE HU) AS (ASSUME A'" 0) 
H(f)= l -P2"'-p:::~ 
(l -pH~ I+J(l _PNH 
WHERE C ::: FSR~I -P) 
FOR FP FILTER WE ALSO HAVE 
F5R 7::% 
fi ::: T-P 
II FULL WIDTH AT HALF MAXI!\lfLM BANLJWfOTH (FWHM) OR HALF 
POWER BA ... I\IDWIDTH 
THUS 
ce """,,1 1>0 
h(t) ::: {o, olhenme (2) 
!2f.BlYATION OF EO ! ON P 19 
II 
[1J[£l 











S8(/) ~ !fi bo.o i h(/- 1)d1 
o 
0 < 1 < T 
SL""BSTITUTI:\G (2) C"TO (3) WE OBT AIN 
SB(r) = /Pb O,Q f ce-c(I- t)dr = /Pb o,Q ce -cl J eCIdt 
o 0 
b) BIT 0 5B.O(l) ~ 0 
2 S;s; (I) : 
13 
0 < 1 < T 
0< 1 < T 
0< t< T 
(3) 
I h(t - T)p,(T - i7)dT I h(t- T)pr(T - i7)dT 
~j h(t - T)dT (HI)T f h(t - T)dT 
iT ,T 
SISJ(t) = !p ~ bO,i (i -'pI h(t-l)dt O<I<T 
i==- L u IT 
(5) 
SUBSTITUTING (2) INTO (5) WE OBTAIN 
s/s,(t) = JP ~ bo.; (i+F 7 ce-dl-T)dT 
1==-1.0 IT 
SlSJ(t) = JP i bO.1 e-"'(e(I+llcT - e i('1) 
I=- /,O 
34 
51.51(/) = JP e-C1 I boAe(i+l)cT - e icT) 0 < 1 < T (6) 
/o=- Lo 
Lo = 00 
0< t< T (6a) 
16~q I ~~i-) " j IT (I+I)T +- ---io----+---
{o=-L, ., -1 1= 0 
~- - ,'---- -
SO TIDS IS THE COMBINATION OF THE ABOVE 2 CASES 
, 
+b"o j h(l- T)eJ'> " dT} 
o 
35 
0< f < T (7) 
SUBSTITUTING (2) INTO (7) \VE OBTAIN 
_I (/+I)T {[ L hk,f f ce c(l-t)e)W i.Tdr] 
{-:---L IT 
, 
+hk,o f ce -,'(I-' )e}WFtdt} 
o 
, 
+hkJl ce-CI J e(c+}'-'-'k)' dr.} 
" 
+hk.Oce-cl i'~' ::k()1 I ~} 
~E-CASE.Aa bk.! = bk,O = b, L = 00 
36 
0< l < T (8) 
s;~At) = JP ce-c/ '1.2 be{C+::)1 
k=- M!2 c( I+}"?) 
bO 
0 < t < T 
OUTPUT OF PHOTODETECTOR if IS(1)1 2 
SIGNALOUTPUTOFlNTEGRATOR X =.r) Is(tll ' dt 
o 
0 < 1 < T 
(8a) 
T T T j ISB(tll ' dt = PTb60 - 2Pb6o j e-ddt + Pb6,o j e-'''dt 
o 0 0 
J7 
0 < t < T 
0 < { < T 
0 < 1< T 
38 
0 < 1< T 
Wk = 2::;1, 1 : INTEGER >O 
THEN 
39 
T j 2Re{SB(f)S;S,(I) }dl = 2Pbo,ob_ {SCI ~ - '_-~' I b) 
° 
= 2Pbo,oh_ {~~T,_ l + e -1;: - J 
Mil I -1 ) 
= 2Pbo,oRe {b k=~f12 ~'"k ~:j;,'<O'_ I } 
""0 
T T [j e'""dl-j e - I' -J""dl]j 
° ° 2rrkJ Wk::::: T,J= INTEGER>O 
40 
= 2Pb _Re{b 1.2 e-I<'-::l' } 
k=- MI2 I +}"'T 
... 0 
41 
Sl fMMARY OF WORST-CASE ANALYSIS 
I = INTEGER> 0 
x ~ if J Is(t) I'dl 
o 
42 
""IERE b E {O,eJ1},Re{b) E {O,cos~}, IhI' E {O, I} 
2) SISI(t) ::: JP e-c1 t b o,,(e (H I )cT - e 1cT) 
I=-Lo 
0 < 1< T 
0 < I < T 
0 < t < T 
4) 
0< t< T 
+2PRe{ A-f Af2 i ~(e(J +:f+)(/+I)cT 
}.;= - MI2 m=-MI21=-L (l+J+)(I-j'T) 
btO m",O 
T 
EVALUATE j IS.4CJ(t)I'dt : 
o 
lj I ? f'T I Mf2 -I b~ 1 







1-' INTEGER> 0 
::-pAf.2 12~{ 
k--,Mi2 m=-,Mi2 ( 1-j'::.j-)(1-/9-j 
/::;<0 m;'.O 
SPECIAL CASE (!) k = 2-r.;1 1 = fNTEGER > 0 
45 
(e (l +J~ )(/+I)c T _ e(l -/?-)'{T)[f e-(I+J7)Cldt-f e - 2' -/dt]} 
o 0 
=2t:?:Re{ ~2 1.2 I ~,: Ib~_o", 
c1 h-Ml2m=-MI21=- L (i+J7)(l-rT) 
SPECIAL CASE 
k..<O motO 
2rrH {j)1.;=r , = INTEGER > 0 
46 
_e(l +J~) /CT)12 + q.. 1:.2 1: ~ 




4) f 2Re {SB (I)S;S,(I))dl 
° 
=) 2[ JP bo,o(I - e~")] [JP e~" t boAe" +, ,T - e"T)]dl 
o 1=~Lo 
0= 2Pb o,o ~ boAe(t+ I)cT - e!cT) J (e ~"1 - e -2(1 )dl 
I--Lo 0 
4' 
T J 2Re{sB(t)sist(t» )d t 
o 
:= P:b;'0(l + e~2cT _ 2e-CT) ,! b o,l (e U+1)cT _eKT) 
I",- Lo 
T 
5) J 2Re {s ;,(t)SA CI(t»)dt 
o 




= 2 j Re{Pbo,o(J ~e-")e -" 
" 
= 2Pb o,oRe{ 1.2 r ~(e(l+j+)(I+I}cT _ e(I+/f)ICT) 
b--M/2/=-L I ~J-i-
h-O 
f (e}Wkl - e-c1 - e-( I-j~)'" + e-2C' )dl} 
o 
50 
+e "" I -I~:T_ I)} 
1--:/7 
SPECIAL CASE O) k = 2~kJ 
THEN 
T f 2Re{s~(t)SACI(t»)dt 
o 
I = FIXED INTEGER > 0 
51 
T 
6) f 2Re{s;.\,(t)SAC/(t)}dt 
o 
~ 2Re f [JP e-« . L bo., (e"+I )cT - e"l)] 
o I=- Lo 
[/Pe-C1 1,2 r ~(e(l+j~)(l+ I )cT _e(I+J~)lcT) 
/.:=-MI2/",-L I +Jc 
"'0 
~ 2PRe{ ~2 ~ 
k=- MI2 1=- 1. 
"0 
(e (i+l)cT _ e ieT) f (e-(l -/~})CI _ e-2ct )dt} 
° 
52 
(e(l -+-/fXl-+-l)CT _ e(l -+-J~)ICT)+ 1.2 bt~k ( 2( I_e-<l I:; )CT) + e - 2cT _ I)} 
/r--MI2 l -+-JT l -JT 
SPECIAL CASE (Ok = 2~kI 
T J 2Re{s;SI(I)SAO(t)dl 
o 
"0 
I =' INTEGER > 0 
(e{ l -+-J~){/-+- l )cT _ e {1-+-J~)lcT)+ 1.2 b t;~, [( 2-2~:; ) + e - 2cT _ I] 








MATLAB COMPUTER PROGRAMS 
exact analysis with optimal threshold signal OU! oflhe integrator, the signal X contains des ired 
signal and ACi & lSI and postdetecI noise ,The fonnula for the BER is 
2M(L~lt'LO 2M l~tern p(b) 
wh'" (b) = l(-'-)M{ J . ..'J" Q("-Xo(¢", $,,,)) d<1>_ d<l> p 2 lit M O .[NJ MIl·· · M il 
\1 is number of adjacent channels. Since we assume upper and lower channels are synchronized 
individually. i e. for our model the power of (1I21't) is fixed to 2, also we only have two 
integrations and two arguments 
M=4; k=[- M/ 2 - I I W2], 
m"'k, 
% produce the controlled matrix b to cont rol M different hit patterns 
ml=[ zeros( 1,32) ones( 1,32) j; 
rn2=[ zeros( I, 16) ones( L 16) zeros( 1,16) ones( J, 16)1, 
m3='[], 
fori= 14 
m3=[m3 (zeros( 1,8) ones(\ ,8))]; 
eod 
m4=[], 
for i= ] '8 





m6=lm6 [zeros( J,2) ones(J ,2)JJ . 
eod 
m7=[]: 




b- [ml .m2:m3 ,m4,m5:m6:m7]'; 
% signal to noise ratio range in dB 
RPTN DB={IO 0 5 25J : %RPTN dB 
ppp= IQ,A(O I*RPTN_DB): -
len \ =length(ppp), 
% solalph function is provided by Professor Randy L Borchardt 
n=[O, 
{bpx,wfx]=grule(n) , %bpx=bpy,'.'.fx.=wfY 
% single channel 
BERO=O, 5 *erfc(ppp/8"O. 5): 
pp-[] , thrcsh=[] : %thresh is not normalized threshold 




qqq=[3 12 \ 720]: 
dseif CT == 15 
qqq- [4 [21 7 20]: 
elseifCT==20 
qqq=l5. [2 \7 20J 
,,' 
pe=[], threshl ~[] , 
for I=qqq 
BER" [], Ihresh2=[]; 
for RPTN=ppp 
ap'=!inspace(O, 1 R2, \ [j , 
x3 =0: 
for j=l64 x3~J+ 
%approx.imatcd thresholds 
% first few loops 10 find OUI the threshold which make the 
% BER minimun don't care about the scale 
so\alph('xxOO', 0,2 * pi, 2, bpx. wfx, 0,2 .pi,2, bpx, '.'.fx. ,ap. b, CT ,i, I, k, m,RPTN)+ 




if lef<O ,lef;Q, end % to aviod the threshold go beyond the negative side 
ap=linspace(lef,ap(ind)+ 16 6, I I) , 
% two more time to find alpha 
x3 =0; 
for i=1 64 x3=xJ+ 
solalph( 'xxOO', 0,2 ·pi,2,bpx, wL'I: , 0,2 • pi,2,bpx, wfx,ap, b, CT, i, I,k,m,RPTN)+ 




iflef<O .1eFO, end 
ap=1inspace(lef, ap(ind)+ J 1.11), 
% three more time to find alpha 
x3 '=0. 
for i"" 1.64 
xJ=xJ+ 
solal ph('xxOO' , 0.2 * pi), bpx, wfx. 0,2 • pi.2 ,bpx, wfx, ap,b. CT ,i,l. k .m. RPTN)+ 
solalph( 'xx 1 1',0. 2 ~ pi, 2, bpx ..... 1X. 0.2· pi, 2. bpx. wfx, ap ,b, CT ,i. I. k, m. RPTN). 
eo' 
[ val ,ind]=min(x3), 
lef=ap(ind)-O. 57, 
iflef<O .lef-'=O; end 
ap=l inspace(lef.ap(ind)+O 57 ,8). 
% four more lime to find alpha 
x3=0, 
for i= ] 64 
x3=x3 + 
solal p h('xxOO', 0,2· pi .2,bpx, .... 1X, 0.2 * pi,2,bpx ..... fx. ap, b, CT ,i, I, k, m,RPTh)+ 





% after find optimal alpha use double integration 
qq3 =O; 
for i= 1. 64 
qq3 - qq.'+( dbgquadm('xxOO',O,2"'pi,2,bpx,wfx,O,2*pi,2, 
bpx, ""fx.ap, b, CT ,i, I,k,m, RPTN)+ 
dbgquadmCxx I I ',O,2*pi,2,bpx,wfx,O,2 "'pi,2, 
bpx, wfx,ap,b,CT,i,I,k,m,RPT:>',;} )/( 1024 · pj/',2); 
eod 
RER= [BER qqJ); thresh2=[thresh2 apj, 
if qqJ< 10"(_ 15) %for save time only interesting in 10"(_15) 
ii - fmd(ppp==RPTN); 
BER(ii+ J ' Jen l)=S * 10/',( -1 16)*ones( \ ,length(ii+ I :lenl) ); 
thresh2(ii+ ]:Ienl )=(ap+2)'ones(1 ,length(ii+ I.lenl»; 
break 
eod 






% worse case form appendix setting optimal threshold equal (xO"'x 1 )/2 
M =4 , 
1=linspace( O, 6, [0 1). % set I value in linspceintcger to find minimum! 
RPTN D8=0 0 2 20, % x-axis dB range 
RPTN: IO "(0 1 "RPTN_DB), % change to ratio 
0/0 single channel 
BERO=Q S*erfc(RPTN/8"O 5) , 
% find optimal alpha 
PP=Il . 
forCT =[5 10 IS 20) 
)(3=0, 
for k= ] O S"M 
x3=x3+2 /( 1+(2"pi ok*IICT) "2), 
"d 
xO=( l -exp( -2 'CT»)I(2 · CT)-'-x3 "( 1---2""( l-exp( .CT» /CT), 
x l = 1-2 *( I +exp( -(T»fCT +( l-exp(.2 'CT» /(2"Cl) , 
[val.ind J=min(abs(xO.x l» , 
l=ceil( l(ind» . 
I=(I( ind». % our minimum [ value 
% set different I and to find the BER 




fork =] O S*M 
xJ=x3+ 2/( 1+(2 ' pi " k *I/CT)"2). 
eod 
,,0=( l -exp( -2 ' CT» /(2 · CT )+)(3 "( 1-'-2 O( l-exp( -(T»)lCT). 
x ]= 1-2 "( I-exp(-CT»)/CT"'( l-exp(-rCT))I(2*CT), 
BER"' [BER,O S"erfc( RPTN "(xl-xO)/S"O S) l, 
eed 
pp=[pp,BER]. 
semilogy(RPTN_DB,BERO --', RPTN_ DB ,PP( , » 
axis([ IO 19 10"(-15) 1]) 
59 
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